The mammalian high mobility group protein AT hook 2 (HMGA2) is a DNA binding protein that specifically recognizes the minor groove of AT-rich DNA sequences. Disruption of its expression pattern is directly linked to oncogenesis and obesity. In this paper, we constructed a new plasmid pBendAT to study HMGA2-induced DNA bending. pBendAT carries a 230 bp DNA segment containing 5 pairs of restriction enzyme sites, which can be used to produce a set of DNA fragments of identical length to study protein-induced DNA bending. The DNA fragments of identical length can also be generated using PCR amplification. Since pBendAT does not contain more than 3 consecutive AT base pairs, it is suitable for the determination of DNA bending induced by proteins recognizing AT-rich DNA sequences. Indeed, using pBendAT, we demonstrated that HMGA2 is a DNA bending protein and bends all three tested DNA binding sequences of HMGA2, SELEX1, SELEX2, and PRDII. The DNA bending angles were estimated to be 34.2, 33.5, and 35.4°, respectively.
multivalent binding site (20) . The DNA binding constant of the multivalent binding is much greater than that of the single valent binding (21) . Previously, using a PCR-based systematic evolution of ligands by exponential enrichment (SELEX) procedure, we identified two consensus sequences for HMGA2: 5′-ATATTCGCGAWWATT-3′ or 5′-ATATTGCGCAWWATT-3′ where W = A or T (21) . Our results showed that the three segments in the consensus sequences (two AT-rich segments and one GC-rich segment) are required for high affinity binding; mutations of these sequences significantly reduced the DNAbinding affinity of HMGA2. These results indicate that HMGA2 does not randomly recognize any AT-rich sequences. In contrast, it binds to specific AT-rich DNA sequences (21) .
Here we decided to study HMGA2-induced DNA conformational change, specifically DNA bending. Since each "AT hook" DNA binding domain contains 5 to 6 positively charges, it should bend the DNA locus upon binding to the AT-rich DNA sequences (22) . The challenge is to find a short DNA fragment that does not contain 4 to 5 consecutive AT base pairs for the gel permutation assay. In this case, we can clone one HMGA2 binding site into this short DNA fragment and precisely determine the HMGA2-induced DNA-bending angle without the interference caused by HMGA2 binding to other AT-rich sequences, i.e. sequences containing more than 3 consecutive AT base pairs. In this study, we constructed a new plasmid pBendAT to study HMGA2-induced DNA bending. pBendAT carries a 230 bp DNA sequence that does not contain more that 3 consecutive AT base pairs and therefore does not have an AT-rich sequence. It also contains five pairs of restriction enzyme recognition sites that can be used to generate a set of DNA fragments of identical length to study DNA bending. Using this new plasmid, we demonstrated that HMGA2 bends all three binding sites of HMGA2, SELEX1, SELEX2, and PDRII (the positive regulatory domain II of human interferon-β enhancer (23) . HMGA2 was demonstrated to bind to PDRII and increase transcription activities mediate by NF-κB (24)).
Materials and Methods

Protein and synthetic deoxyoligonucleotides
The mammalian high mobility group protein AT-hook 2 (HMGA2) was expressed and purified as described previously (19, 25) . An extinction coefficient of 5,810 cm -1 M -1 was used to determine the HMGA2 concentration. Synthetic deoxyoligonucleotides were purchased from MWG-Biotech, Inc. (High Point, NC).
Plasmids
Plasmid pBend2 is a generous gift of S. Adhya (National Institutes of Health). Plasmid pBendAT was constructed by the insertion of a 230 bp PCR product into the EcoRI and HindIII sites of pBend2. The 230 bp PCR product was created in two steps using synthetic deoxyoligonucleotides FL423, FL424, FL425, FL426, FL427, FL428, FL429, and FL430 (Table 1 ). The first step was to make two 125 bp PCR fragments: one using FL423 and FL424 with 15 bp overlapping DNA sequence as the DNA templates and FL427 and FL428 as the primers; another one using FL425 and FL426 with 15 bp overlapping DNA sequence as the DNA templates and FL429 and FL430 as the primers. The second step was to create the 230 bp PCR fragment using the two 125 bp PCR fragments with 20 bp overlapping DNA sequence as the DNA template and FL427 and FL430 as the primers. The map of pBendAT and the DNA sequence of the 230 bp PCR product are shown in Figure 1 . Plasmids pBend2-CRP, pBend2-SELEX1, pBend2-SELEX2, pBend2-PRDII, pBendAT-CRP, pBendAT-SELEX1, pBendAT-SELEX2, and pBendAT-PRDII were created by the insertion of a synthetic XbaI DNA fragment containing a CRP binding site or a HMGA2 binding site into the unique XbaI site of pBend2 or pBendAT, respectively. Table 2 summarizes the main properties of these plasmids. All DNA elements were confirmed by DNA sequencing.
Determination of the protein-induced DNA-bending angle
Plasmids pBendAT derivatives containing a CRP binding site or a HMGA2 binding site (Table  2) were digested by a pair of restriction enzymes BspE1-EagI, KpnI-SphI, NheI-AvrII, BamHIBglII, and SacI-PstI to produce a set of fragments with identical length and base composition in which the position of the protein-binding site is variable. Alternatively, these DNA fragments were produced using polymerase chain reaction using primers shown in Figure 2 . We also used pBend2 derivatives to generate a set of fragments with identical length and base composition in which the position of the protein-binding site is variable after digested with restriction enzymes MluI, NheI, EcoRV, SspI, and BamHI. The DNA fragments were labeled with 32 P at 5′ termini by T4 polynucleotide kinase in the presence of γ-32 P-ATP. The protein-DNA complexes were formed by addition of 2.0 to 20.0×10 -9 M of the protein to a solution containing 2×10 -10 M of 32 P-labeled DNA. After equilibration for 60 min at 22 °C, the samples were loaded on a polyacryamide gel to determine the mobility of protein-DNA complexes, which is dependent upon the position of the bound protein, with the lowest mobility present when the protein is bound to the center of the fragment. The bending angle α by which the DNA is bent from linearity was estimated by (1) where μ M and μ E are the mobility of the complex with protein bound at the center and the end of DNA, respectively (26) .
Electrophoretic Mobility Shift Assay (EMSA)
DNA fragments containing a DNA-binding site of one DNA-binding protein (the NheI-AvrII fragment of the pBendAT or the EcoRV fragment of pBend2 derivatives) were labeled with 32 P at 5′ termini by T4 polynucleotide kinase in the presence of γ-32 P-ATP. The protein-DNA complexes were formed by addition of appropriate amounts of the protein to a solution containing 0.2 nM of 32 P-labeled DNA in the 1×DNA-binding buffer consisting of 20 mM Tris-HC1 (pH 8.0), 200 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5 mM MgCl 2 , and 5% glycerol. After equilibration for 60 min at 22 °C, the samples were loaded on a 8% native polyacryamide gel in 0.5 × TBE buffer (0.045 M Tris-Borate (pH 8.3) and 1 mM EDTA) to separate free and bound DNA. The gels were subsequently dried and visualized by autoradiography or quantified using a Fuji FLA 3000 image analyzer. The radioactivity of the free and bound DNA was determined and used to calculate the binding ratio (R), which is equal to the ratio of the radioactivity of the bound DNA divided by the sum of the radioactivity of the bound and free DNA. The apparent DNA binding constant (K app ) was obtained by nonlinear-least-squares fitting the following equation using the program Scientist. (2) where a and x represent the total DNA and the total protein concentration, respectively.
Results and Discussion
Initially, we cloned a few HMGA2 binding sites, such as SELEX1, SELEX2, and PDRII (the positive regulatory domain II of human interferon-β enhancer (23)), into XbaI site of pBend2 to study DNA bending induced by HMGA2. However, we noticed that the 236 bp DNA sequence of pBend2, used to generate a set of circularly permuted fragments, contains multiple AT-rich DNA sequences that may bind to HMGA2 ( Figure S1 ) and therefore interfere with the determination of the DNA-bending angle by HMGA2. Indeed, our gel mobility shift assay confirmed that HMGA2 binds to all these AT-rich DNA sequences ( Figure S2 ). In this case, pBend2 derivatives, i.e. pBend2-SELEX1, pBend2-SELEX2, pBend2-PDRII, cannot be used to precisely determine HMGA2-induced DNA-bending angles. In this study, we decided to construct another pBend plasmid, pBendAT to study HMGA2-induced DNA bending. Our strategy was to create and clone a 230 bp DNA sequence, which does not contain 3 consecutive AT base pairs, into EcoRI and HindIII sites of pBend2 (Figure 1 ). This 230 bp DNA sequence also contains five pairs of restriction enzyme recognition sites that can be used to generate a set of linear DNA fragments of identical length after cleaved with the pair of restriction enzymes (Figure 2 ). In addition, this set of the identical-size DNA fragments can be produced using polymerase chain reaction amplification (Figure 2 ). Since the GC content of these DNA fragments are almost identical (Figure 2 ), their mobility during electrophoresis is also identical (see below for detail). Figure 1 shows the map of pBendAT and the nt sequence of the 230 bp DNA sequence. Figure 2 shows the set of DNA fragments of identical length that can be generated from pBendAT by restriction digestion or PCR amplification.
Next, we cloned the CRP-binding site of the lac P1 promoter into the XbaI site of pBendAT to produce plasmid pBendAT-CRP (Table 2 ) and compared the CRP-induced DNA bending for the DNA fragments generated from plasmids pBend2-CRP and pBendAT-CRP. For pBendAT-CRP, a set of DNA fragments of identical size were also generated by using PCR amplification. Our results are shown in Figure 3 . As expected, CRP in the presence of cAMP bends all three sets of DNA fragments. The mobility of CRP-DNA complexes is positiondependent with the highest mobility for CRP bound to either end of the DNA fragments and the lowest mobility for CRP bound to the center of the DNA fragments (Figure 3) . The CRPinduced DNA-bending angles were estimated to be ∼90° for all three DNA fragments (Table  3) , which are consistent with published data (27) . We also plotted the relative mobility of the CRP-DNA complexes versus the position of the CRP binding sites of the three DNA fragments, which resulted in the extrapolated bending locus at the center of the CRP-binding site ( Figure  3D ). These results are also consistent with the published results (27) . These studies of CRPinduced DNA bending suggest that pBendAT can be used to study DNA bending induced by sequence-specific DNA-binding proteins.
In order to study HMGA2-induced DNA bending, we cloned three different HMGA2 binding sites, SELEX1, SELEX2 and PDRII into pBendAT to yield pBendAT-SELEX1, pBendAT-SELEX2, and pBendAT-PRDII (Table 2) . We determined the binding stoichimtry and the DNA-binding constant of HMGA2 binding to these three DNA-binding sites (the NheI-AvrII fragments of the pBendAT derivatives) using electrophoretic mobility shift assay (EMSA). Our results are shown in Figure 4 and Table 3 . In these EMSA experiments, only one shifted band was observed, indicating that the DNA fragments only contains one DNA-binding site for HMGA2 (21) . Interestingly, the DNA-binding constants (K) of HMGA2 binding to SELEX1 and SELEX2 were determined to, respectively, be 5.2±3.0×10 7 and 3.9±1.9×10 7 M -1 , 10-fold higher than K of HMGA2 binding to PRDII (3.1±1.3×10 6 M -1 ). These results suggest that SELEX1 and SELEX2 are indeed the preferred DNA-binding sequences of HMGA2 (21) . Our results are summarized in Table 3 , which are consistent with the previous published results (21, 28) . We next determined HMGA2-induced DNA-bending for these DNA-binding sites using the DNA fragments generated from pBendAT-SELEX1, pBendAT-SELEX2, and pBendAT-PRDII by PCR amplification. Our results are shown in Figure 5 and Table 3 . The mobility of the five free DNA fragments is identical, indicating no intrinsic curvature for the HMGA2 binding sites, SELEX1, SELEX2, and PRDII. The binding of HMGA2 to these binding sites induces a small bend to all three DNA fragments ( Figure 5 and Table 3 ). Similar to CRP binding to its binding site, the mobility of HMGA2-DNA complexes is also position-dependent with the highest mobility for HMGA2 bound to either end of the DNA fragments and the lowest mobility for HMGA2 bound to the center of the DNA fragments ( Figure 5 ). The DNA bending angles were calculated to be 34.2±2.3°, 33.5±1.7°, and 35.4±1.8°f or SELEX1, SELEX2, and PRDII, respectively (Table 3 ). The relative mobility of the HMGA2-DNA complexes was plotted against the position of the HMGA2 binding sites of the three DNA fragments, which resulted in the extrapolated bending locus at the center of the HMGA2-binding site ( Figure 5C and 5D) . Similar results were also obtained using DNA fragments generated with restriction enzyme digestion (data not shown). Since HMGA contains three AT-hook DNA-binding domains specifically binding to the minor groove of AT-rich DNA sequences, the induced DNA bending may be caused by the neutralization of the negative charges in the minor groove of the two AT-rich sequences in the HMGA2 binding sites (unbalanced interphosphate repulsion (22)). In this case, the HMGA2-induced DNA bend (∼35°) may result from two 17° DNA bends that occur in the AT-rich sequences and is toward the minor groove. This analysis is consistent with the phasing analyses published previously (23) .
The results presented in this article have great biological implications. The HMGA proteins including HMGA2 are chromatin architectural factors that participate in many nuclear processes, such as transcription regulation, DNA repair, chromatin remodeling, RNA processing, and others (29) . The critical role of HMGA proteins is to organize the assembly of the regulatory nucleoprotein complexes for these biological functions. For instance, the first step of the assembly of a functional enhanceosome of the human β-interferon (hINF-β) is to recruit HMGA1a into the two AT rich regions of the hINF-β promoter (two molecules of HMGA1a bind to four sites within the promoter region PRDII and PRDIV (30)). Binding of HMGA1a to the enhancer changes the DNA conformation i.e. DNA bending, allowing cooperative recruitment of other transcription factors such as NF-κB, ATF-2/c-JUN and IRFs that together with HMGA1a, assemble into a highly stable nucleoprotein complex enhanceosome. The enhanceosome then provides a correct surface for other transcription activators cooperating with the RNA polymerase II holoenzyme to initiate transcription (31) . It was also demonstrated that HMGA2 binds to the promoter fragment containing the PRDII element and enhances transcriptional activation of hINF-β gene (24, 32) . HMGA2-induced DNA bending presented in this paper provides a direct evidence for the DNA conformational change of the AT-rich regulatory elements in the enhanceosome upon binding to HMGA proteins.
Conclusion
In this paper, we have constructed a plasmid pBendAT to study DNA bending by the mammalian high mobility group protein AT hook 2 (HMGA2). pBendAT carries a 230 bp DNA fragment that contains 5 pairs of restriction enzyme recognition sites that can be used to generate a set of short DNA fragments of identical size to study protein-induced DNA bending. This set of DNA fragments can also be produced by PRC amplification. Since the 230 bp DNA fragments does not contains 3 consecutive AT base pairs, pBendAT is particularly suitable for the study of DNA-bending induced by the DNA binding proteins recognizing AT-rich DNA sequences. Indeed, using pBendAT, we found that HMGA2 induces a small bend to all three binding sequences, i.e. SELEX1, SELEX2, and PRDII.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The five DNA fragments of identical length, which can be produced by restriction enzyme digestion or PCR amplification and used in the DNA-bending experiments, are shown. The GC% is also shown. The open rectangle indicates the DNA-binding site. The following are DNA sequences for the primers: primer 1F, 5′-TCGTCGTCCTGGCGGTAC-3′, 1R, 5′-GCGGCCGGTCGACTCTAG-3′, 2F, 5′-ACCACGCTATCTGTGCAA-3′, 2R, 5′-TGCCTGTTGACCTGGTGC-3′, 3F, 5′-AGCCACCGGACACGTGCT-3′, 3R, 5′-AGGTCGCATGAAGAGGCC-3′, 4F, 5′-TCCGAGTGTCCACCACCG-3′, 4R, 5′-TCTGCGATGCTGAAGGTC-3′, 5F, 5′-ACCGAGGTGAAGGAGCTC-3′, 5R, 5′-TCCAGAGGGACAGATCTG-3′. DNA-bending induced by CRP. DNA-bending assays were carried out as described under Materials and Methods. After the binding of CRP to the permutated DNA fragments in the presence of 20 µM of cAMP, an 8% polyacrylamide gel was used to separate the bound and free DNA fragments. The autoradiograms of 32 P-labeled DNA fragments are shown. The DNA fragments in the bottom of the gels are free DNA and those in the upper part are protein-DNA complexes. Labels: F is the free DNA and complex is the protein-DNA complex. (A) The lac P1 promoter's CRP fragments produced by digestion of plasmid pBend2-CRP with restriction enzymes of MluI, NheI, EcoR V, SspI, and BamHI, respectively. (B) The lac P1 promoter's CRP fragments produced by digestion of plasmid pBendAT-CRP with a pair of restriction enzymes of BspEI-EagI, KpnI-SphI, NheI-AvrII, BamHI-BglII, and SacI-PstI, respectively. (C) The lac P1 promoter's CRP fragments produced using PCR amplification as described in Figure 2 . (D) The plot of the relative mobility of CRP-DNA complexes vs. the location of the CRP-binding site within the 159 bp fragment of pBend2 or the 149 bp fragment of pBendAT. Symbols: filled squares, filled triangles, and open circles represent the bending data using the lac P1 promoter CRP fragments generated by restriction digestion of pBend2-CRP, restriction digestion of pBendAT-CRP, and PCR amplification of pBendAT-CRP, respectively. The standard deviations are also shown. DNA bending induced by HMGA2. DNA-bending assays were carried out as described under Materials and Methods. After the binding of HMGA2 to the DNA fragments of identical size generated from pBendAT-SELEX1 (A) or pBendAT-SELEX2 (B) by PCR amplification, an 8% polyacrylaimde gel was used to separate the bound and free DNA fragments. The autoradiograms of 32 P-labeled DNA fragments are shown. The DNA fragments in the bottom of the gels are free DNA and those in the upper part are protein-DNA complexes. Labels: F is the free DNA and complex is the protein-DNA complex. (C) and (D) are the plots of the relative mobility of HMGA2-DNA complexes vs. the location of the HMGA2-binding site within the 135 bp fragment for pBendAT-SELEX1 or pBendAT-SELEX2, respectively. The standard deviations are also shown. 
